This paper presents an optimization procedure to minimize the cost of drying in a solar cabinet dryer based on the results of a mathematical model. The model has been developed previously for performance analysis of a solar cabinet dryer. The optimal values for geometry of the solar collector, mass flux of air through the collector, and initial moisture content are obtained in a way that the drying cost is minimized. The results indicate that to optimize the drying cost, the best values of initial moisture content, air mass flux, the length and the surface area of collector are 9-10 kg/kg (dry basis), 0.03-0.045 kg/m 2 .s, longer than 2.5 m, and 2.5-3 m 2 , respectively. The results can help the designers to choose the optimum drying conditions for small scale industrial applications.
Introduction
The use of solar thermal systems for the drying of various types of agricultural products has been proved to have many economic and environmental benefits. Solar dryers are classified into two categories: passive (natural convection) and active (forced convection). The natural drying process is based on temperature difference, and in consequence, the density difference of air inside the drying chamber. The density difference provides driving force (buoyant force) for the air that flows through the drying bed. The forced convection drying system requires mechanical or electrical power to provide air flow.
The construction of the passive drying system is simple, easy to maintain and inexpensive, where the working mechanisms are strongly dependent on temperature difference and pressure drop across the drying bed. Therefore, using the forced convection dryers such as indirect solar cabinet dryer saves time, occupies less area, improves the product quality and hygiene, makes the process more efficient and protects the environment. Banout et al. (2011) compared a double-pass solar drier (DPSD) with a typical cabinet drier (CD) and a traditional open-air sun dryer for drying of the red chili.
Drying experiments are conducted for spongecotton; as a reference drying material in the ranges between 35.0 to 49.5 Â°C of ambient air temperature, 35.2 to 69.8 Â°C drying air temperature, 30 to 1258 W/m 2 solar radiation, and 0.016 to 0.08 kg/s drying air flow rate. For each experiment, the mass flow rate of the air remained constant throughout the day (Aissa, et al., 2014) . The overall drying efficiencies of the DSPD and CD to reaching a desired moisture content of 10% (w.b) were 24.04% and 11.52%, respectively, while the overall drying efficiency of open-air sun drying to reach a desired moisture content of 15% (w.b) was 8.03%. Luminosu et al. (2012) tried to establish the optimum flow rate of the working fluid for the collector's area established by construction. In this way, the exergy efficiency is improved and the negative impact on the ambient environment is minimized. Ciocănea et al. (2011) presented the results of an experimental research on transient regimes of two types of solar air heat collectors. The absorbers of the collectors have different configurations and are made of different materials. Heat fluxes and efficiencies of collectors were computed for estimating the additional latent heat to be stored by the less efficient collector for increasing its performance to the level of the more efficient collector. Using results of such a study, the capacity of a given collector to store solar energy by using phase changing materials (PCM) can be assessed.
Due to these advantages, the solar drying is used extensively in industrial scale. Since the beginning of this millennium, using mathematical modeling technique to evaluate the performance of solar dryers has been developed. A verified mathematical model can be a valuable tool to saving cost and time.
Some researchers have conducted studies on the modeling of various drying processes (Forson et al., 2007; Ratti and Mujumdar, 1997) . Janjai et al. (2008) presented experimental performance of solar drying of rosella flower and chili using roofintegrated solar dryer and also presented modeling of the roof-integrated solar dryer for drying of chili. Paraschiv et al. (2011) presented a computer modelling and experimental validation for the thermodynamic performance of parabolic trough solar collectors (PTSC) used in a micro-combined cooling heating and power (mCCHP) system. Hossain et al. (2005) optimized a solar tunnel drier for drying of chilli in Bangladesh. The simulation model was combined with the economic model of the solar tunnel drier and adaptive pattern search was used to find the optimum dimensions of the collector and the drying unit. An experimental study was conducted by Perasiriyan et al. (2013) to study the thin layer drying characteristics of vegetables and fishin a natural convection small scale solar tunnel dryer. The solar tunnel dryer was found to be more efficient than the open sundrying and resulted in saving to the extent of about 17.4% of drying time.
Several studies have been conducted on the optimization of solar drying systems, for both the forced convection and the natural convection situations (Bala and Woods, 1995; Mumba 1995; Simate, 2003; Samano Delgando et al., 2013) . Simate (2003) combined solar drying simulation with the cost of the dryer materials and found the dryer dimensions for minimum drying cost.
The drying cost, annual cost and initial cost of the mixed-mode dryer were lower than those of the indirect-mode. Smitabhindu et al. (2008) tried to find the optimum values of structural and operational parameters of drying system so that the drying cost per unit of dried product is lowest. McDoom et al. (1999) optimized a scaled-down dryer by recirculation the hot air and altering the degree of venting.
They could increase the energy saving up to 29 to 31%. Corzo et al. (2008) used response surface methodology to optimize the operating conditions of thin layer drying of coroba slices. Tasirin et al. (2007) presented the application of Taguchi method in optimizing the drying parameters of bird's eye chili in a fluidized bed dryer. Onyegegbu et al. (1994) simulated an integral type natural circulation solar crop dryer that would allow for the effects of varying ambient conditions of air temperature and humidity. Vega et al. (2009) considered the multi-objective dynamic optimization of fixed bed dryers. Very few studies have been conducted on providing the most suitable drying conditions on optimization of cost effective solar dryer. As an extension to our previous work (Sami et al., 2011a (Sami et al., , 2011b , this study aims to optimize the performance of an indirect solar cabinet dryer based on mathematical modeling results.
Furthermore, the effects of main parameters such as solar collector length, solar collector surface area, mass flux of air, and initial moisture content of solid on the cost ratio are investigated. The optimum range of these parameters will be obtained for design purposes. Fig. 1 shows schematic diagram of an indirect cabinet solar dryer. The system consists of two parts: solar collector and drying chamber. The energy conservation law for the solar collector and the mass and energy conservation laws for the drying chamber are applied. The governing equations are presented in Table 1 . It should be noted that in this equations the latent heat is not constant and it is a function of drying air temperature as appeared in Dissa et al. (2009) .
Mathematical model
Regarding the drying kinetic equation, X eq,i is a function of influent parameters such as temperature and relative humidity of gas.
It should be noted that in this case the internal mass transfer is controlling step. Furthermore, the temperature distribution within absorber plate has been neglected. More details about the model assumptions, the way to derive the equations, supplementary equations, and nomenclature are given in Sami et al. (2011b) .
In our previous work (Sami et al., 2011b) , the obtained ordinary differential equations and partial differential equations were solved numerically using the forth order Runge-Kutta and the finite difference methods. The solution of the equations under unsteady state condition led to the profiles of humidity and temperature of drying air, and temperature and moisture content of drying solid versus time and length of dryer. The experimental data reported by Mohanraj et al. (2009) and Dissa et al. (2009) were used to validate the model. It should be noted that there is a difference between solar collector applied by Mohanraj et al. (2009) and another one introduced by Dissa et al. (2009) .
Fig. 1. Schematic of the indirect solar cabinet dryer
The collector in (Mohanraj et al., 2009 ) study includes a storage material under the absorber plate. The results (Sami et al., 2011b) revealed the necessity to optimize the dryer component and drying process, which is addressed in this study in detail.
Optimization model
The cost of a solar dryer consists of the costs of solar collector and drying chamber. Here, the objective function is defined as the ratio of the cost of a solar supplemented system to the cost of an electrical drying system, namely (Eq. 1). The defined cost ratio is always less than unity. 
In fact, low cost of a solar supplemented system is an advantage for further application of the solar systems. The amount of useful energy required per unit of product per day can be estimated as the useful amount of energy required for sensible heating of product and useful amount of energy required for evaporation of moisture in the product (Purohit, et al., 2006) , namely (Eq. 2):
The annual energy consumption is achieved by adding the amounts of energy needed for a day over a year. The corresponding annual cost of electrical energy is defined as follows (Eq. 3):
The cost of an electrical drying system can be calculated by summing the annual cost of electrical energy (Eq. (3)) and the total cost of a solar supplemented system (C s ).
The total cost of solar supplemented system are represented as the annual cost per unit weight of solid dried per year (Eq. 4) (Radajewski, et al., 1987) :
Annual cost calculation
It is necessary to specify the annual cost (C a ) in the total cost of solar supplemented system (C s ) equation. 
Name of equation Equation
Energy balance on glass cover
Equations of solar collector
Energy balance on the air stream
Energy balance on the air flow on each tray
Mass balance on the air flow on each tray
Energy balance on the solid slices on each tray
Relation for drying kinetics (Dissa et al, 2009 )
Equations of drying chamber
Relation for drying kinetics (Mohanraj et al, 2009 )
The annual cost is defined as the following equation (Eq. 5): (Audsley and Wheeler, 1978) :
where: ω is expressed as follow (Eq. 6): 
According to the above equation, the annual cost depends on the maintenance cost, total fixed cost of drying per year, interest and inflation rates. The maintenance cost C m is assumed to be 2% of the total fixed cost of drying per year (Simate, 2003) .
The total fixed cost of drying calculation
In order to calculate the annual cost by Eq. (5), it is necessary to define the total fixed cost of drying per year. The mentioned parameter can be expressed as follows (Eq. 7):
Therefore, the total fixed cost of drying consists of depreciation cost (C r ), cost of fan (C F ), cost of labor (C l ) and interest (C i ). Each of these values will be explained in detail.
Depreciation cost
The main components of a solar dryer are collector, drying chamber and a fan for air flow in the system. Each of these parts has its own annual depreciation cost that determines the total depreciation cost (Eq. 8):
where: L d , L c and L b are effective life time of drying chamber, solar collector and fan, which are characterized by 5, 5 and 2 years, respectively; C d is the fixed cost of drying chamber. The depreciation cost of the fan (C b ) can be calculated by Eq. (9) (Radajewski et al., 1987) :
The cost of the solar collector (C c ) in Eq. (8) is calculated by Eq. (10):
where, z 1 and z 2 are plenum and air-duct size factors (m 2 ), respectively calculated from collector geometry and the rate of air flow through the collector as follows (Eq. 11 and 12) (Radajewski et al., 1987) :
Cost of fan
Cost of the fan is a function of fan nominal power and is calculated by (Eq. 13):
The nominal fan power is also a function of total pressure drop and volumetric flow rate of flowing air. Eq. 14 is used to estimate the nominal fan power:
( 1 4 ) The nominal power shows the electricity consumption of fans or pumps. The fan efficiency is assumed to be 65%. The volumetric flow rate through the collector is defined as follows (Eq. 15):
( 1 5 )
Total air pressure drop
Here, the method proposed by Kreith and Kreider (1978) is used to calculate the total air pressure drop. They introduced Eq. (16):
where: P 1 is the pressure drop due to the contraction of air flow at the collector inlet (Eq. 17):
The air velocity within collector is given by Eq. (18):
The pressure drop within the air space of the collector (P 2 ) is given by Darcy equation (19):
( 1 9 ) where, the friction factor is determined by Eqs. (20) and (21) 
γ is the product of air velocity through the plenum duct, which is constant (equal to 8.4 m 2 /s). Finally, the air pressure drop in the drying chamber, P 5 is defined by (Eq. 24):
Knowing the solar dryer operating and geometrical characteristics, the values of P 1 to P 5 are calculated. The total air pressure drop in the system is then calculated by (Eq. 16).
Cost of labor
Another factor in calculating the total fixed cost of the drying per year is cost of labor which is calculated by Eq. (25):
Interest
Interest on the capital investment is calculated by multiplying a real interest rate in the average written down value of the equipment (Eq. 26):
Optimization procedure
The cost of the main construction materials including timber, glass and wire mesh in January 2011 in Iran were 11.90, 9.20, and 6.13 US $/m 2 , respectively. The interest and inflation rates were 15% and 12%, respectively. In a direct unit, the cost of glass and timber are the main material costs, whereas for an indirect-mode dryer unit, the main material is timber. In addition, for both kinds of drying units the cost of the wire mesh is common.
Using the previous model (Sami et al., 2011b) , the effect of operating and geometrical parameters on the performance of a cabinet solar dryer is investigated. The cost ratio as the objective function is calculated. Minimizing the cost ratio is the main aim of this study.
Results and discussion
In this section, the effect of several parameters on the cost ratio in a solar dryer is determined. The solar dryer applied is similar to that used in Dissa's study (2009) . Fig. 2 shows the effect of air mass flux on the cost ratio for three various initial moisture contents. In Fig. 2 , S is distance between glass cover and absorber plate and I c is length of collector. By increasing the air mass flux, the total pressure drop increases, and therefore, the depreciation cost of the fan increases. This yields to increase the total fixed cost of the drying system. In Fig.2 , the cost ratio is decreased. If the air mass flux is increased too much, energy supplied for drying (E f ) decreases because the difference between the inlet and outlet air temperature suddenly decreases. According to Eq. (3), the cost of the electrical system (C e ) is directly proportional to the energy supplied for drying (E f ), which leads to an increase in the cost ratio.
So, initially the cost ratio decreases and then increases. It can be concluded that the optimum value of cost ratio is achieved when the air mass flux is between 0.035 and 0.045 kg/m 2 .s. According to Fig.  2 , the cost ratio decreases with an increase in the initial moisture content. The supplied energy (E f ) defined in Eq. (2), increases by increasing the initial moisture content. Therefore, the amount of cost ratio decreases. Optimum amount of air mass flux for initial moisture content of 5, 6.5 and 8.5 (d.b) is obtained as 0.039, 0.0362 and 0.035 kg/m 2 .s, respectively. The variation of the cost ratio as a function of initial moisture content for three values of air mass fluxes is illustrated in Fig. 3 . In lower initial moisture contents, the cost ratio is decreased along with the initial moisture content because of increasing the supplied energy (Eq. 2) and cost of electrical system. In higher initial moistures, the amount of total fixed cost as well as the cost of fan operation increases due to increasing the drying time duration (t d , ô). According to Fig. 3 , the optimum amount of initial moisture content for air mass flux of 0.015, 0.035, and 0.055 kg/m 2 .s is 9.7, 9.8, and 10 (d.b), respectively. The optimum value of cost ratio is when the initial moisture content varies between 9 and 10.5 (d.b).
The variation of the cost ratio with the length of the solar collector for three values of air mass fluxes is shown in Fig. 4 . The outlet air temperature increases when the length of the collector is increased. Therefore, for the same outlet air temperature, the cost of electrical system (C e ) increases, and the cost ratio decreases. The slope of profiles of the cost ratio for longer collectors is lower. In fact, further increase in the collector length increases the air total pressure drop, the fan operating cost, and the total fixed cost. Hence, the cost of solar supplemented system highly increases. The optimum lengths for collector corresponding to the refereed air mass fluxes in Fig. 4 are 3.12, 3 and 2.712 m, respectively. Designers may achieve the optimum value of the cost ratio when the collector length is more than 2.5 m. Fig. 5 shows the effect of air mass flux on the cost ratio for three values of collector length. The variation of the cost ratio with air mass flux is similar to Fig. 2 . The optimum amount of air mass flux for collector length of 3.5, 3 and 2.5 m is 0.04, 0.03 and 0.0345 kg/m 2 .s, respectively. Designers can realize that the optimum value of the cost ratio is achieved in 0.03-0.045 kg/m 2 .s. This optimum range is very close to that obtained in Fig. 2 . Fig. 6 shows the effect of initial moisture content on the optimum cost ratio for different values of collector length, including 2.5, 3 and 3.5 m. There is a certain optimal value for fixed throughput systems. The dependency of cost ratio on initial moisture content is qualitatively similar to the other characteristic factors. Fig. 6 reveals a clear minimum value for cost ratio while the initial moisture content is between 8 and 9.5. When the initial moisture content is less than 8, the cost savings will be less since there is low use of the capital invested in the solar equipment. In fact, for drying materials with low initial moisture content, the total heat requirement is small and the operation time is short. Therefore, the contribution of solar systems is small. At higher initial moisture contents (> 9.5), the drying time is longer. Hence, the contribution of solar systems is again small.
The optimum values of initial moisture content for collector lengths of 2.5, 3 and 3.5 m are obtained to be 8. 65, 8.95 and 8.32 (d.b) , respectively. Fig. 7 shows the variation of cost ratio with the solar collector surface area for three values of initial moisture contents. When the collector surface area is small (< 2.5 m 2 ), increasing the surface area of the collector rises the outlet air temperature. Hence, the cost of electrical system increases and the cost ratio decreases. For collectors with larger surface area (>3m 2 ), an increase in the surface area leads to increase the total pressure drop. Hence, a sudden increase in the total fixed cost of drying is observed, and the cost ratio increases. The optimal values of solar collector area for initial moisture contents of 5, 6.5 and 8.5 are 2.6, 2.75 and 3 m 2 , respectively. The optimal value of cost ratio is achieved in the range of 2.5-3 m 2 of collector surface area. Fig. 8 illustrates the variation of cost ratio with dryer throughput per a drying batch obtained in two different experimental systems.
These experimental systems are the same as those applied by Mohanraj et al. (2009) and Dissa et al. (2009) and there is only a structural difference between them. In the system used by Mohanraj and coworkers an energy storage material is used under the absorber plate. In the previous study (Sami et al., 2011b) , the experimental data obtained by these researchers have been used in order to validate the new presented mathematical model.
A comparison is made in Fig. 8 for a same dryer throughput. This Figure shows that for dryer throughput less than 8 kg/batch, the cost savings are reduced, since the drying time is shorter and there is low use of the capital invested in the solar equipment. For dryer throughput greater than 9.5 kg/batch the cost ratio is enhanced. In this situation, total time of a day that the drying operation is performed increases and therefore, the contribution of solar energy is decreased. Furthermore, Fig. 8 indicates that the maximum solar energy is utilized in Mohanraj's system due to the existing of the storage material. This means that in the Dissa's dryer the drying process is longer.
Therefore, the cost of electrical system and depreciation cost in Dissa's dryer is more than that of the Mohanraj's dryer. This result indicates that the thermal efficiency and economical benefits of Mohanraj' dryer is more than that used by Dissa et al. (2009) , and as expected, the amount of cost ratio is found to be less than that of the Dissa's dryer.
Conclusions
In this work, the optimization and analysis of an indirect solar cabinet dryer was conducted based on the results of a mathematical model. An objective function was defined as the cost of a solar supplemented system to the cost of an electrical dryer system.
The effect of various parameters on cost ratio is considered in detail. In addition, the optimum range for each one of the parameters was estimated based on the obtained results.
The optimum ranges of initial moisture content; air mass flux, collector length and surface area were obtained as 9-10 d.b, 0.03-0.045 kg/m 2 .s, longer than 2.5 m, and 2.5-3 m 2 , respectively. Furthermore, the obtained results indicate that using an energy storage material under the absorber plate of the collector can reduce the cost ratio of the dryer significantly. 
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